Salvia divinorum commonly known as diviner's sage, is an ethnomedicinal plant of the mint family (Lamiaceae). Salvia divinorum is rich in clerodane-type diterpenoids, which accumulate predominantly in leaf glandular trichomes. The main bioactive metabolite, salvinorin A, is the first non-nitrogenous natural compound known to function as an opioid-receptor agonist, and is undergoing clinical trials for potential use in treating neuropsychiatric diseases and drug addictions. We report here the discovery and functional characterization of two S. divinorum diterpene synthases (diTPSs), the ent-copalyl diphosphate (ent-CPP) synthase SdCPS1, and the clerodienyl diphosphate (CLPP) synthase SdCPS2. Mining of leaf-and trichome-specific transcriptomes revealed five diTPSs, two of which are class II diTPSs (SdCPS1-2) and three are class I enzymes (SdKSL1-3). Of the class II diTPSs, transient expression in Nicotiana benthamiana identified SdCPS1 as an ent-CPP synthase, which is prevalent in roots and, together with SdKSL1, exhibits a possible dual role in general and specialized metabolism. In vivo co-expression and in vitro assays combined with nuclear magnetic resonance (NMR) analysis identified SdCPS2 as a CLPP synthase. A role of SdCPS2 in catalyzing the committed step in salvinorin A biosynthesis is supported by its biochemical function, trichome-specific expression and absence of additional class II diTPSs in S. divinorum. Structure-guided mutagenesis revealed four catalytic residues that enabled the re-programming of SdCPS2 activity to afford four distinct products, thus advancing our understanding of how neo-functionalization events have shaped the array of different class II diTPS functions in plants, and may promote synthetic biology platforms for a broader spectrum of diterpenoid bioproducts.
INTRODUCTION
Salvia divinorum (Lamiaceae), commonly known as diviner's sage, is a medicinal plant native to Mexico and traditionally used by the Mazatec peoples for spiritual practices due to its hallucinogenic properties (Valdes, 1994) . The major psychoactive constituent of S. divinorum, salvinorin A, is a neoclerodane diterpenoid of the superfamily of labdane diterpenoids, which encompass more than 10 000 compounds that have functions in plant primary (i.e., general) and secondary (i.e., specialized) metabolism (Tholl, 2006; Chen et al., 2011; Zi et al., 2014) . Many of these metabolites are also of industrial, especially pharmaceutical, importance (Bohlmann and Keeling, 2008; . Among these, salvinorin A was identified as a drug candidate through the National Institute of Mental Health (NIMH) Psychoactive Drug Screening Program for its agonistic activity on brain j-opioid receptors (KOR) with strong binding efficiency and selectivity (Roth et al., 2002; Sheffler and Roth, 2003; Kivell et al., 2014a) . While functionally similar to other naturally occurring hallucinogens, such as the alkaloids psilocybin or mescaline, the transneoclerodane diterpenoid salvinorin A lacks a basic nitrogen, making it structurally unique among KOR agonists known to date (Koreeda et al., 1990; Sheffler and Roth, 2003) . Salvinorin A and synthetic derivatives thereof have entered pre-clinical and phase 1 clinical trials for developing possible new cures of mental disorders and drug addictions (Kivell et al., 2014b; Riley et al., 2014) . For example, acute salvinorin A-mediated activation of KOR attenuates cocaine addiction in animal models (Schenk et al., 1999; Wee et al., 2009; Morani et al., 2012) .
Clinical research on salvinorin A and its derivatives is hampered by limited supply via multistep chemical synthesis routes (Nozawa et al., 2008) and the lack of established S. divinorum cultivation. Knowledge of the salvinorin A biosynthetic pathway may provide alternative synthetic biology approaches for its manufacture in metabolically engineered heterologous hosts or may lead to strategies for improved production in S. divinorum.
Despite its pharmacological relevance, the salvinorin A biosynthetic pathway has not yet been elucidated. Labeling studies in S. divinorum microshoot cultures demonstrated that salvinorin A biosynthesis proceeds via the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway rather than the cytosolic mevalonate (MVA) pathway , consistent with the commonly plastidial localization of diterpenoid metabolism (Chen et al., 2011) . Downstream of the MEP pathway, labdane-related diterpenoids are formed via the central precursor geranylgeranyl diphosphate (GGPP) (Peters, 2010) . In angiosperms, labdane diterpenoid biosynthesis follows a modular pattern where pairs of class II diterpene synthases (diTPSs) and class I diTPSs function sequentially to generate the various diterpenoid scaffolds (Peters, 2010; . Class II diTPSs initially facilitate the protonation-dependent cycloisomerization of GGPP via an intermediary labda-13-en-8-yl + diphosphate carbocation. Rearrangement of this intermediate through a series of hydride and methyl migrations followed by deprotonation leads to the characteristic clerodane scaffold (Peters, 2010) (Figure 1 ). A class II diTPS catalyzing this reaction to afford the clerodienyl diphosphate intermediate has recently been reported in Tripterygium wilfordii (Celastraceae; Andersen-Ranberg et al., 2016). Class I diTPSs can then consume the class II diTPS products by cleavage of the diphosphate moiety and additional possible multistep rearrangements, cyclization and/ or oxygenation reactions . Subsequently, the diTPS products may undergo various regio-and stereo-selective functional decorations enabled by the activity of cytochrome P450-dependent monooxygenases (P450s) and a few other enzyme classes, such as Figure 1 . Proposed SdCPS2-catalyzed reaction en route to salvinorin A. Based on previous reports (Potter et al., 2016) , the SdCPS2-catalyzed reaction is proposed to proceed through conversion of the precursor geranylgeranyl diphosphate into the clerodienyl diphosphate intermediate via a series of 1,2-hydride and methyl shifts of the intermediary labda-13-en-8-yl + diphosphate intermediate. A series of oxygenation, acylation and methylation reactions is then required to form salvinorin A.
acyl-and methyl-transferases (Hamberger and Bak, 2013) ( Figure 1 ). Several such oxygenated diterpenoids have been identified as possible precursors of salvinorin A (Kutrzeba et al., 2009 (Kutrzeba et al., , 2010 , and labeling studies with [Me-13 C]-methionine proposed the involvement of a SAMdependent O-methyltransferase in methylating the C-4 carboxylate of salvinorin A . As exemplified by the production of important biopharmaceuticals, including artemisinin (Paddon et al., 2013) , codeine (Galanie et al., 2015) and strictosidine (Brown et al., 2015) , advanced sequencing and synthetic biology technologies provide the tools required for gene discovery and microbial or plant-based reconstitution of complex natural product pathways (Kitaoka et al., 2015; . Against this background, we describe here the metabolite-and transcriptome-informed discovery, characterization and functional re-programming of the S. divinorum clerodienyl diphosphate (CLPP) synthase SdCPS2 as a first step toward metabolic engineering of salvinorin A production.
RESULTS

Salvinorin A accumulates in leaf glandular trichomes
We found salvinorin A to accumulate at concentrations of 0.90 AE 0.35 mg g À1 dry weight (mean AE SD, n = 5) in ground young leaves of S. divinorum. Consistent with previous phytochemical studies (Siebert, 2004; Kowalczuk et al., 2014) , salvinorin A was almost exclusively found in peltate glandular trichomes on the abaxial side of leaves, and could be readily isolated by rubbing the abaxial surface using chloroform-soaked cotton swabs (Figure 2 ). In contrast, salvinorin A abundance on the adaxial side of the leaf was observed to be 220-fold lower than on the abaxial side. Cotton swab extraction from the leaf surface removed approximately 50% of total salvinorin A, confirming leaf glandular trichomes as a major, but possibly not exclusive site of salvinorin A accumulation. These results, informed the use of leaves and abaxial leaf trichomes for transcriptome analyses.
Transcriptome-enabled discovery of diterpenoid metabolic genes in Salvia divinorum
Based on the high abundance of salvinorin A in S. divinorum glandular trichomes, we used RNA isolated from young leaves as well as isolated leaf trichomes to produce transcriptome sequences by 454 and Illumina sequencing, respectively. De novo transcriptome assemblies resulted in 33 511 distinct transcripts identified in a non-normalized 454 library and 47 838 different transcripts in a normalized 454 library (Table S1 ). In parallel, trichomes were isolated from the abaxial leaf surface using adhesive tape to which trichomes would stick and could readily be used for RNA extraction and preparation of a non-normalized cDNA library for Illumina sequencing. De novo assembly of these sequences yielded 73 256 unique transcripts. The assemblies were queried against a manually curated terpene synthase database (Zerbe et al., 2013) . The 454 assemblies from normalized and non-normalized leaf cDNA libraries revealed five diTPS candidates, all of which represented partial sequences. Two of these candidates showed features of class II diTPSs inclusive of the DDxD motif in the N-terminal domain (termed SdCPS1 and SdCPS2), while the other three candidates resembled class I diTPSs containing the C-terminal DDxxD and NSE/DTE signature motifs and were designated SdKSL1-3 (Chen et al., 2011; . All five diTPS candidates were also found in the Illumina assembly from isolated trichomes. Among the five identified transcripts, only SdCPS2 and SdKSL2 were present as full-length sequences. Therefore, full-length or N-terminally truncated cDNAs of SdCPS1/2 and SdKSL1-3 were cloned using gene-specific oligonucleotides or, where necessary, by rapid amplification of cDNA ends.
Phylogenetic clustering and organ-specific expression of SdCPS1 and SdCPS2
SdCPS1 and SdCPS2 show typical features of members of the TPS-c clade of monofunctional angiosperm class II diTPSs (Chen et al., 2011) featuring a 3-domain (cba) structure including the characteristic DxDD motif, which functions as the general acid to protonate the terminal carboncarbon double bond of the GGPP substrate K€ oksal et al., 2014) . Phylogenetic analysis placed SdCPS1 in a group of known specialized (+)-copalyl diphosphate synthases (CPP synthase) from Marrubium vulgare , Salvia miltiorrhiza (Cui et al., Figure 2 . Organ-specific abundance of salvinorin A. Shown is the abundance of salvinorin A on the abaxial and adaxial sides of young leaves after these were separately rubbed with chloroform-soaked cotton swabs. Salvinorin A abundance on the abaxial side of the leaves was found to be 220-fold higher as compared to adaxial sides of the leaf, and cotton swab extraction isolated~50% of salvinorin A, thus confirming glandular trichomes as a major location of salvinorin A accumulation.
2015) and Coleus forskohlii (Pateraki et al., 2014) (Figure 3 ). SdCPS2 clustered most closely with a labda-13-en-8-ol diphosphate (LPP) synthase of S. miltiorrhiza (Cui et al., 2015) and an ent-CPP synthase of Isodon eriocalyx previously suggested to function in specialized diterpenoid metabolism (Li et al., 2012) . Neither SdCPS1 nor SdCPS2 showed a significant phylogenetic relationship with the only currently known CLPP synthase (TPS14) of T. wilfordii (Andersen-Ranberg et al., 2016) . To further investigate the functions of SdCPS1 and SdCPS2 in diterpenoid metabolism, transcript abundance in roots, stems, leaves and isolated leaf trichomes was measured using quantitative reverse transcription PCR (qRT-PCR) (Figure 4 ). SdCPS2 was almost exclusively detected in leaf trichomes consistent with the significant abundance of salvinorin A and related neoclerodane diterpenoids in S. divinorum leaf trichomes (Siebert, 2004; Kowalczuk et al., 2014) (Figure 2 ), supporting its function in salvinorin A metabolism. In contrast, transcript abundance of SdCPS1 was found to be predominantly root-specific with only minor abundance in other organs.
Functional characterization of the Salvia divinorum class II diterpene synthases
To identify the class II diTPS catalyzing the initial committed reaction in S. divinorum salvinorin A biosynthesis, fulllength and N-terminally truncated (lacking the predicted plastidial transit peptides) cDNAs of SdCPS1 and SdCPS2 were generated. Functional analysis was achieved via in vivo expression in E. coli and Agrobacterium-mediated transient expression in Nicotiana benthamiana, as well as in vitro assays of recombinant enzymes with GGPP as a substrate. In vivo assays were conducted by taking advantage of the characteristic ability of class II and class I diTPSs of different plant origin to function in a combinatorial fashion in the formation of various diterpene products Andersen-Ranberg et al., 2016) . We applied this combinatorial concept to investigate the catalytic function of SdCPS1 by transiently expressing SdCPS1 in N. benthamiana in combination with class I diTPSs that are specific to converting either ent-CPP (Grindelia robusta GrEKS (Grindelia robusta ent-kaurene synthase) that produces ent-kaurene; Zerbe et al., 2013) or (+)-CPP (M. vulgare MvELS that forms epoxy-labd-14-ene; Zerbe et al., 2014) (Figure 5) . As a reference, we compared the products originating from co-expression of SdCPS1 with GrEKS and MvELS to the products that resulted from co-expression of a known (+)-CPP synthase (M. vulgare MvCPS3; and a known ent-CPP Figure 3 . Phylogeny of known diterpene synthases of dicot plant species. Maximum-likelihood tree illustrating the phylogenetic interrelations of the Salvia divinorum class II diTPSs with known class II diTPSs of the TPS-c clade. The gymnosperm ent-CPP synthase of Picea glauca was used to root the tree. Branches with bootstrap support of >80% (500 repetitions) are highlighted. Protein abbreviations and accession numbers are listed in Table S2 . CLPP: clerodienyl diphosphate, CPP: copalyl diphosphate, LPP: labda-18-en-8-ol diphosphate, PPP: peregrinol diphosphate. synthase (Zea mays ZmAn2; Harris et al., 2005) . This comparison enabled us to verify the stereoselectivity of SdCPS1. Notably, class II diTPS products were observed as dephosphorylated compounds in co-expression assays, likely due to the activity of N. benthamiana endogenous phosphatases. Therefore, as control experiments, SdCPS1, MvCPS3 and ZmAN2 were expressed alone to distinguish between enzyme products that resulted from the combined activity of class II and class I diTPSs and those that represent artificial products presumably through decomposition of the dephosphorylated class II diTPS products during GC/MS analysis as previously suggested for other plant class II diTPSs (Sallaud et al., 2012; Zerbe et al., 2014 .
Transient expression of SdCPS1 alone in N. benthamiana resulted in the formation of copalol (i.e., dephosphorylated CPP; peak b in Figure 5a ). In addition, small amounts of kaurene (peak a in Figure 5a ) and an unidentified diterpene (peak c in Figure 5a ) were frequently observed in enzyme assays likely representing degradation products during GC-MS analysis (Figures 5a & S1) . Co-expression of SdCPS1 with MvELS resulted in the same three products, whereas combination of SdCPS1 with the ent-kaurene synthase GrEKS yielded exclusively ent-kaurene (peak a). Expression of the ent-CPP synthase ZmAn2 alone or in combination with MvELS also yielded ent-copalol, ent-kaurene and the unidentified product c, while co-expression with GrEKS expectedly afforded ent-kaurene as a single product. By contrast, expression of MvCPS3 alone or in combination with GrEKS resulted in (+)-copalol (peak b) and a corresponding unidentified dephosphorylated diterpene product (peak d), while co-expression of MvCPS3 with MvELS afforded miltiradiene (peak e) as a major product. Together, these results identified SdCPS1 as an ent-CPP synthase contrary to its closer phylogenetic relationship with the known (+)-CPP synthases C. forskohlii TPS1 and S. miltiorrhiza CPS1 (Figure 3 ).
The identification of SdCPS1 as an ent-CPP synthase (and therefore a possible role in general metabolism) was surprising considering its predominant expression in roots ( Figure 4 ). Therefore, high-resolution LC-qTOF metabolite profiling, targeted at ent-copalol and ent-kaurene, was performed in S. divinorum root extract. This analysis showed ent-copalol (formula C 20 H 34 O) with a mass of 291.2682 and <2 ppm mass accuracy in both [M+NH 4 ] + and [M+H] + ions that co-migrated with the SdCPS1 product ( Figure 5b ). Kaurene with an expected base structural formula of C 20 H 32 was not identified. This result illustrated the presence of the SdCPS1 product in S. divinorum root tissue and further supports a function of SdCPS1 in roots. Identification of SdCPS1 as an ent-CPP synthase left SdCPS2 as the possible candidate for the formation of CLPP as the predicted precursor of the neoclerodane diterpene salvinorin A (Figure 1 ). Using in vitro assays of purified recombinant SdCPS2 to test this hypothesis, we employed GC-MS analysis of the dephosphorylated enzyme product to identify two major reaction products: g and f with retention times of 8.6 min and 11.3 min, respectively ( Figure 6 ). Among these, only product f contained a m/z 290 mass ion indicative of a labdane diterpene alcohol and showed the characteristic fragmentation pattern of kolavenol (i.e., dephosphorylated CLPP) with dominant ions of m/z 290, m/z 275, m/z 257, m/z 189, m/z 120, and m/ z 95 that matched the product of the recently identified (a) Shown are extracted ion chromatograms (EIC, m/z 257) of products obtained in Agrobacterium-mediated transient Nicotiana benthamiana coexpression assays of SdCPS1 (red), Zea mays An2 (ent-CPP synthase; green) and Marrubium vulgare CPS3 ((+)-CPP synthase; blue) with the Grindelia robusta ent-kaurene synthase (GrEKS) specific to converting ent-CPP or M. vulgare ELS specific to using (+)-CPP as substrate. Comparison of the products originating from these different diTPS combinations identified SdCPS1 as an ent-CPP synthase. a: ent-kaurene, b: copalol (i.e., dephosphorylated CPP) of ent-or (+)-stereochemistry, c: presumed degradation product of ent-CPP, d: presumed degradation product of (+)-CPP, e: miltiradiene. Corresponding mass spectra of reaction products are listed in Figure S1 . Figure S2 ). In addition, GC/MS analysis of the in vitro assay product of SdCPS2 showed product formation only with dephosphorylation prior to extraction, whereas no products were detected without dephosphorylation ( Figure S2 ). Together, these results support CLPP as the sole product of SdCPS2, whereas products g-i presumably result from degradation of the dephosphorylated product during analysis.
To clarify the identity of the SdCPS2 product, sufficient quantities were produced by co-expressing SdCPS2 with enzymes of the MEP pathway and Abies grandis GGPP synthase in E. coli (Morrone et al., 2010) , followed by chromatographic purification on silica gel and NMR analysis. Both 1D and 2D NMR spectra were acquired and confirmed the dephosphorylated product of SdCPS2 as kolavenol (Figures 6 and S3) based on literature references (Beale, 1990; Giner et al., 2007; Potter et al., 2016) . Selective 1D NOE difference spectra identified interactions between the C-17, C-18 and C-19 methyl groups, indicating a cis configuration to each other ( Figure S3 ). However, while a (-)-stereochemistry is tentatively assigned based on the absolute stereochemistry of salvinorin A , the absolute stereochemistry of these methyl groups could not be determined by means of NMR analysis.
Activity of SdCPS1 and SdCPS2 in combination with the class I diTPSs SdKSL1-3
We next employed combinatorial expression in N. benthamiana as described above to probe the activity of the three class I diTPSs SdKSL1-3. For SdKSL1, no activity was observed when co-expressed with SdCPS2, whereas coupled assays of SdCPS1 and SdKSL1 afforded three new products, consistent with the abundance of both SdCPS2 and SdKSL1 in roots (Figure 7 ). This comprised ent-pimaradiene (identified by comparison to the authentic standard) and two abietane-or pimarane-type compounds k and l. Abundance of the latter two products was too low to enable further structural identification by NMR. Predominant expression of SdKSL2 and SdKSL3 in leaf trichomes ( Figure 7c ) suggested a possible role in salvinorin A biosynthesis. However, no class I diTPS activity was detected when SdKSL2 or SdKSL3 were co-expressed with either SdCPS1 or SdCPS2 (Figure 7a ). Expression of each class I diTPS alone also did not yield kolavenol, consistent with the fact that, to our knowledge, none of the previously reported GGPP-converting class I diTPSs forms labdane diterpenes, which seems to require the sequential activity of monofunctional class II and class I or bifunctional diTPSs (Peters, 2010; . To exclude the possibility that kolavenol formation by SdKSL2 or SdKSL3 in transient assays with SdCPS2 could have Figure 6 . Functional characterization of the Salvia divinorum SdCPS2. (a) GC-MS analysis of reaction products obtained from in vitro enzyme assays of recombinant SdCPS2 with GGPP as a substrate. Results are illustrated as total (TIC) or extracted (EIC) ion chromatograms and corresponding mass spectra. f: dephosphorylated clerodienyl diphosphate (i.e., kolavenol), g-i: presumed degradation products of dephosphorylated clerodienyl diphosphate under GC-MS conditions (cf. Figure S1 ). been masked by the activity of endogenous phosphatases, we performed the corresponding coupled in vitro assays with GGPP as a substrate. Results from these assays confirmed the absence of obvious class I activity of the full length and several N-terminally truncated variants of SdKSL2 and SdKSL3.
Active site determinants controlling SdCPS2 catalytic specificity
Having identified SdCPS2 as the most likely enzyme to catalyze the first committed reaction of salvinorin A biosynthesis in S. divinorum, we employed homology modeling based on the crystal structure of Arabidopsis ent-CPP synthase (K€ oksal et al., 2014) to gain insight into the catalytic distinctiveness of SdCPS2. Molecular docking of the substrate GGPP in the active site cavity of the SdCPS2 structural model identified several amino acids located in sufficient proximity to GGPP to infer a catalytic function. Among these, F255, N313, C359 and W360 were previously shown to alter product outcome or overall catalytic activity in other plant class II diTPSs (Criswell et al., 2012; Potter et al., 2014 Potter et al., , 2016 Cui et al., 2015; Mafu et al., 2015) (Figure 8 ). To probe the functional role of these residues in SdCPS2, several site-specific protein variants were generated and assayed using an established E. coli expression system (Morrone et al., 2010) both expressing the SdCPS2 variants alone and in combination with the ent-CPP-specific GrEKS and the (+)-CPP-specific MvELS. As described above, the resulting enzyme products were analyzed in their dephosphorylated form, due to the activity of E. coli endogenous phosphatases. Mutation of SdCPS2 F255 to His altered product outcome from (-)-kolavenol (i.e., dephosphorylated CLPP) to ent-copalol (i.e., phosphorylated ent-CPP) as the sole product (Figures 8 and S4 ). This functional change is consistent with the reciprocal mutation H263F in the Arabidopsis ent-CPP synthase that was previously reported to re-direct the catalytic specificity toward the biosynthesis of kolavenol (Potter et al., 2016) . This result underscores the catalytic importance of this active site position. Single Ala substitution of N313 or F255 reduced catalytic activity as indicated by substantial amounts of geranylgeraniol (i.e., dephosphorylated GGPP). In addition, minor quantities of the 8a-and 8b-stereoisomers of ent-labda-13E-en-8,15-diol (i.e., dephosphorylated ent-LPP) in addition to the wild type product kolavenol were observed ( Figure S4 ). No additional functional change was observed in a SdCPS2: N313A/F255H double mutant. Combined Ala substitution of N313 and F255 (SdCPS2:F255A/N313A) directed product specificity completely towards formation of ent-8a/blabda-13E-en-8,15-diol as previously reported for other diTPS (Criswell et al., 2012; Potter et al., 2014; Mafu et al., 2015) , albeit again at very low enzyme activity. Product alteration from kolavenol to ent-8a/b-labda-13E-en-8,15-diol was also achieved with a single mutation by replacing W360 for Ala. By contrast, introducing a polar Ser residue at this position resulted in multiple products, including several unidentified diterpenes, ent-8a/b-labda-13E-en-8,15-diol and as a major product labda-7,13E-dien-15-ol (i.e., dephosphorylated labda-7,13E-dienyl diphosphate) as verified by comparison to a labda-7,13E-dien-15-ol of G. robusta . Additional modification of the W360S protein variant by substitution of the neighboring C359 for Phe further improved catalytic specificity toward producing only labda-7,13E-dien-15-ol and a putative stereoisomer thereof, as well as seemingly higher enzyme activity as based on the low amounts of detected geranylgeraniol ( Figure S4 ). (a) Sequence alignment of select class II diTPSs highlighting key active site residues with impact on product specificity. 1: labda-13-en-8-ol diphosphate synthase, 2: peregrinol diphosphate, 3: syn-CPP, 4: labda-7,13E-dienyl diphosphate.
(b) Homology model of the SdCPS2 with two coordinated water molecules (cyan), the substrate GGPP (magenta) docked into the active site, and outlining the residues F255, N313, C359 and W360 (green) investigated via site-directed mutagenesis. (c) Schematic of SdCPS2 functional changes through mutagenesis of residues F255, N313, C359 and W360 and functional characterization of protein variants through co-expression assays in E. coli. Corresponding GC-MS chromatograms and mass spectra are given in Figure S4 .
CLPP production in engineered yeast
We further tested the de novo biosynthesis of CLPP in an engineered yeast strain. For this purpose, SdCPS2 was coexpressed with a truncated form of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (tHMGR) and the yeast endogenous GGPP synthase BTS1 as previously described (Ro et al., 2005) . Shaking flask experiments without further fermentation optimization yielded 8.5 (AE 0.3, n = 3) mg per liter culture of kolavenol (i.e., dephosphorylated CLPP) as based on comparison to an enzymatically produced kolavenol standard that was purified and weighed ( Figure S6 ). In conjunction with the ease of functional change through mutagenesis of SdCPS2, successful production of kolavenol in engineered yeast offers a suitable foundation for developing a microbial production system for kolavenol that will enable the discovery of downstream pathway enzymes and ultimately production of salvinorin A and other diterpenoid bioproducts.
DISCUSSION
Plants and their specialized metabolites offer a rich archive of bioactive compounds (Bohlmann and Keeling, 2008; Wurtzel and Kutchan, 2016) . The neoclerodane diterpenoid salvinorin A is the signature metabolite of the medicinal plant diviner's sage (Salvia divinorum) and confers the plant's psychoactive properties (Koreeda et al., 1990) . Research efforts have focused on the efficacious and selective agonistic activity of salvinorin A and its synthetic derivatives on the brain j-opioid-receptor (KOR) system, holding promise for developing novel therapies for neuropsychiatric diseases and drug addictions (Siebert, 1994; Roth et al., 2002; Sheffler and Roth, 2003; Kivell et al., 2014a,b) . The identification and biochemical characterization of diTPSs involved in salvinorin A biosynthesis in S. divinorum may offer new resources for biotechnological applications toward this goal.
A possible role of SdCPS1 in specialized diterpenoid metabolism was suggested by its root-specific expression pattern and phylogenetic clustering with several Lamiaceae (+)-CPP synthases (Figures 3 and 4) . This hypothesis was further supported by the formation of specialized diterpenes in the sequential reaction of SdCPS1 and SdKSL1 (Figure 7 ) and the presence of the dephosphorylated SdCPS1 product ent-copalol and possibly other downstream pathway products in S. divinorum root tissue (Figure 5b ). Root-specific diterpenoid pathways are also prominent in other Lamiaceae species, including tanshinone formation in S. miltiorrhiza (Cui et al., 2015) and forskolin biosynthesis in Coleus forskohlii (Pateraki et al., 2014) . However, identification of SdCPS1 as an ent-CPP synthase ( Figure 5 ) may infer a dual purpose of SdCPS1 in gibberellin phytohormone formation and specialized diterpenoid metabolism. Alternatively, the prevalent abundance of SdCPS1 in roots may suggest the existence of an additional ent-CPP synthase dedicated to gibberellin biosynthesis; but no other significant diTPS candidates were identified in the leaf or trichome transcriptomes.
Identification of SdCPS2 as a CLPP synthase (Figure 6 ) supports the previously proposed diTPS mechanism en route to salvinorin A that proceeds via protonation-dependent bicyclization of GGPP into the common intermediate labda-13-en-8-yl + carbocation, followed by a series of 1,2 hydride migrations and terminal deprotonation at C-17 to afford CLPP as a central intermediate of salvinorin A formation in S. divinorum (Figure 1 ) Peters, 2010; Potter et al., 2016) . The catalytic function of SdCPS2 ( Figure 6 ) combined with its trichome-specific transcript abundance (Figure 2 ) and the absence of class II diTPS gene candidates beyond SdCPS1 and SdCPS2 in the available transcriptome inventories infer that SdCPS2 catalyzes the committed reaction identified here as the structure-defining step in the S. divinorum salvinorin A pathway (Figure 1) . Downstream of CLPP, kolavenol represents a plausible intermediate in salvinorin A biosynthesis, and was identified here in co-expression assays through dephosphorylation of CLPP presumably by endogenous E. coli and N. benthamiana phosphatases (Figures 6 and  7) . It is possible that kolavenol could also be formed through the combined activity of SdCPS2 and a class I diTPS. This scenario would be similar to what was observed in co-expression assays of a T. wilfordii CLPP synthase with the promiscuous sclareol synthase from Salvia sclarea, which afforded kolavelool that differs from kolavenol in the position of the hydroxyl group (AndersenRanberg et al., 2016) . Although trichome co-localization of SdKSL2 and SdKSL3 transcripts with SdCPS2 may support this possibility, no such activity was observed in our coexpression or coupled in vitro assays of SdCPS2 with SdKSL2 and SdKSL3 (Figure 7 ). It is unlikely that a kolavenol-biosynthetic class I diTPS would have been missed in the trichome or leaf transcriptomes, given the high abundance of salvinorin A in leaf trichomes (Figure 2) . Another possibility could be that a phosphatase rather than a class I diTPS activity converts CLPP into kolavenol. Dephosphorylation of CLPP to kolavenol when expressing SdCPS2 alone in N. benthamiana provides some support for this hypothesis. A similar reaction was also considered for labdene-diol in Nicotianae species (Sallaud et al., 2012) , and a phosphatidic acid-type phosphatase converting GGPP has recently been reported in Croton stellatopilosus (Nualkaew et al., 2013) . In addition to SdCPS2 and the recently identified in T. wilfordii (Celastraceae) (Andersen-Ranberg et al., 2016), CLPP synthase activity has also been reported in the eubacterium Streptomyces griseolosporeus (Dairi et al., 2001) . However, only 48% and 14% protein sequence idesntity, respectively, between SdCPS2 and these enzymes infers that CLPP synthase activity arose independently multiple times in the course of diTPS evolution consistent with frequently observed parallel evolution of enzyme functions in diterpenoid metabolism (Peters, 2010) . Site-directed mutagenesis of select SdCPS2 active site residues underscore the highly evolvable nature of diTPSs and their capacity to accept new functions through minor active site mutations (Figure 8) . Substitution of SdCPS2F255 for His apparently blocked the 1,2-hydride migration cascade leading to product redirection from kolavenol to ent-copalol consistent with the reciprocal mutation in the Arabidopsis ent-CPP synthase (Potter et al., 2016) (Figure S5 ). This illustrates the importance of this position for controlling the fate of the common labda-13-en-8-yl + intermediate toward 1,2-hydride shifts en route to either CLPP or terminal deprotonation at C-8 to form ent-CPP ( Figure S4 ). The production of entcopalol by the SdCPS2:F255H mutant infers that the SdCPS2 wild type product also adopts the (-)-stereochemistry consistent with the absolute stereochemistry of salvinorin A , thus providing additional support for a functional role of SdCPS2 in salvinorin A biosynthesis. Re-programming of SdCPS2 into an ent-8a/b-LPP synthase (albeit with low activity) resembles alteration of product specificity in the bifunctional class I/II diTPS Abies grandis abietadiene synthase and the Arabidopsis ent-CPP synthase (Criswell et al., 2012; Potter et al., 2014; Mafu et al., 2015) . Notably, SdCPS2F255 and N313 are not conserved in the only other known plant CLPP synthase of T. wilfordii (Tyr and Thr, respectively), further strengthening the hypothesis of parallel evolution. W360 was identified as another 'hot spot' for altering SdCPS2 product specificity, leading to ent-8a/b-labda-13E-en-8,15-diol (Ala substitution) or labda-7,13E-dien-15-ol (Ser substitution) via deprotonation at the endocyclic C-7, a reaction, thus far described in only a class II diTPS of G. robusta (Asteraceae) and the lycopod Selaginella moellendorfii (Mafu et al., 2011) , although there presumably in the normal (+)-stereochemistry.
CONCLUSIONS
The functional characterization of the S. divinorum clerodienyl diphosphate synthase provides insight into the biosynthesis of salvinorin A and the broader diterpene metabolic diversity in the genus Salvia. Catalytic re-programming of SdCPS2 between four naturally occurring prenyl diphosphate products with a mere four amino acid substitutions further advances our understanding of how neo-functionalization of duplicated ancestral diTPS genes contributed to the divergence of plant specialized diterpenoid metabolism. In addition, the apparent ease of such evolutionary diversification of the diTPS family and the feasibility of microbial co-expression of SdCPS2 highlight the potential of combining protein and pathway engineering tools toward the discovery of further salvinorin-biosynthetic enzymes or the engineering of salvinorin A production in S. divinorum, as well as the development of tailored biomanufacture platforms for salvinorin A and broader-spectrum diterpenoid therapeutics as novel diTPS functions from different plant origins become available.
EXPERIMENTAL PROCEDURES Plant material
Salvia divinorum plants were purchased from the Vancouver Seed Bank and propagated using rooted cuttings from mature plants.
Plants were cultivated in a greenhouse under ambient photoperiod and~22/17°C day/night temperature. Plants of Nicotiana benthamiana were grown in a Conviron PGR15 growth chamber with 16 h light at 80 lmol m À2 sec À1 irradiance and a 24/17°C day/night temperature cycle.
Metabolite profiling
Salvinorin A quantification was conducted via HPLC analysis on a Waters 2795 Alliance HPLC system interfaced with a diode array detector and using a Nova-Pak C18 column (4 lm, 3.9 mm 9 150 mm) at 30°C. A gradient profile starting at 45% methanol in 0.1% phosphoric acid and increasing linearly to 85% methanol in 0.1% phosphoric acid over 18 min was used as the mobile phase. LC-MS analyses were performed on an Agilent 1200 HPLC with a 6410 triple quad MS or a 6540 qTOF MS using a Zorbax Eclipse Plus C18 column (1.8 lm, 2.1 mm 9 50 mm) at 0.4 mL À1 flow rate. For QQQ-MS analysis, a solvent gradient starting at 50% acetonitrile in 0.1% acetic acid and increasing to 100% acetonitrile over 10 min was used. For qTOF-analysis, an alternate solvent gradient of 80:20 (A:B) to 0:100 (A:B) over 9 min was used with 0.5 min isocratic mode at the start (A: H 2 O, 0.1% acetic acid, 1 mM NH 4 F; B: 100% acetonitrile).
RNA isolation and cDNA library preparation
For generating a trichome-specific Illumina transcriptome, peltate glandular leaf trichomes were isolated by pressing an adhesive tape (solutions.3 m.com) onto the abaxial surface of mature leaves. Total RNA isolated from the tape using the Ambion RNAqueous-Micro kit (www.lifetechnologies.com) prior to cDNA synthesis using the Superscript III reverse transcriptase kit with oligo (dt) primers (www.invitrogen.com). High RNA integrity was verified using Bioanalyzer 2100 RNA Nano-chip assays (www.agilent.c om). Non-normalized cDNA libraries from 10 lg of total RNA were generated at the McGill University and G enome Qu ebec Innovation Centre (Montreal, QC, Canada) using the mRNA Seq Sample Preparation Kit (www.illumina.com), with mRNA normalization to 100 ng prior to library construction. Additional cDNA libraries for 454 pyrosequencing were constructed by isolating total RNA from leaves using the EZNA plant RNA maxi kit (Omega Bio-Tek, www. omegabiotek.com), followed by mRNA purification with the Dynabeads mRNA Direct kit (Invitrogen), cDNA amplification using the Superscript III reverse transcriptase kit (Invitrogen), and (where applicable) cDNA normalization using the Trimmer Direct kit (Evrogen, www.evrogen.com) according to the manufacture's protocol.
Transcriptome sequencing and de novo assembly
For Illumina sequencing, yields and correct fragment sizes were assessed using a high-sensitivity DNA-chip (Agilent) and sequencing was performed using 100 bp (HiSeq) pair-ended runs at the McGill University and G enome Qu ebec Innovation Centre. Illumina assemblies were conducted with the Trinity de novo assembler (Grabherr et al., 2011) after cleaning of sequence reads with a custom perl script, allowing trimming of Illumina reads in fastq format and removal of 15 bp at front ends of sequences. Mapping of raw Illumina reads to respective assemblies was achieved using Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009 ) with default parameters. For 454 pyrosequencing, 5 lg of the normalized and non-normalized leaf cDNA libraries were subject to a half-plate reaction of sequencing via the Roche GS-FLX Titanium platform. Raw reads were filtered for high quality reads and assembled using the FIESTA 2.0 system at the National Research CouncilPlant Biotechnology Institute (Saskatoon, Canada). Triage of diTPS candidate genes in was achieved by mining the assembled transcriptome against a manually curated protein database as described previously (Zerbe et al., 2013) .
Cloning of full-length cDNA
DiTPSs genes were cloned from cDNA prepared with the SuperScript III First Strand Synthesis kit (Invitrogen) and random hexamer oligonucleotides. Full-length (FL) or N-terminally truncated (lacking the predicted plastidial transit peptide) constructs were amplified using gene-specific oligonucleotides (Table S3) . Amplicons were ligated into pJET (www.clontech.com) for sequence verification. For expression in E. coli, FL and truncated constructs (SdCPS2D57, SdKSL1:D24 and D32, SdKSL2:D28 and D36, SdKSL3: D35, D43 and D60) were subcloned into the pDEST17 (Thermo Fisher, www.thermofisher.com) or pET28b(+) (EMD Biosciences) expression vectors. FL constructs of diTPSs were transferred into the pLIFE33 expression vector for Agrobacterium-mediated transient expression in N. benthamiana. For expression in yeast (Saccharomyces cerevisiae), a pseudomature SdCPS2D57 was subcloned into the pESC-Leu vector. In addition, a 'GGPP helper' plasmid was constructed to increase substrate supply, containing S. cerevisiae tHMGR and GGPP synthase (BTS1) into the pESC-HIS plasmid (Agilent, www.agilent.com).
Quantitative real-time gene expression analysis
Total RNA of isolated leaf glandular peltate trichomes was prepared as described above, and RNA integrity and concentration was measured using Bioanalyzer 2100 RNA Nano-chip assays (Agilent) according to the supplier's recommendations. Synthesis of cDNAs was performed from equal RNA amounts using Superscript III reverse transcriptase (Invitrogen) and random hexamer oligonucleotides. Quantitative RT-PCR reactions were performed on a Bio-Rad CFX96 Real-time instrument using the SsoFast kit (www.bio-rad.com) and target-specific oligonucleotides (Table S3 ). Relative transcript abundance was evaluated using efficiency corrected DC T and DDC T values based on actin as reference gene and three biological replicates.
In vitro enzyme assays FL or N-terminally truncated diTPS constructs in pDEST17 or pET28b(+) were expressed in E. coli BL21DE3-C41 and Ni 2+ -affinity purified as described earlier (Zerbe et al., 2013) . In brief, single and coupled diTPS enzyme assays were performed using 50 lg of recombinant protein and 15 lM of (E,E,E)-GGPP (www.sigma.com) as substrate with gentle shaking for 1 h at 30°C. For class II diTPSs assays, reaction products were dephosphorylated by treatment with 10 U of alkaline phosphatase (Invitrogen) over night at 37°C prior to product extraction with 500 ll hexane. GC-MS analysis was conducted on an Agilent 7890B GC interfaced with a 5977 Extractor XL MS Detector at 70 eV and 1.2 mL min À1 He flow, using a HP5-ms column (30 m, 250 lm i.d., 0.25 lm film) and the following GC parameters: 40°C for 3 min, 8°C min À1 to 120°C, 15°C min À1 to 250°C, hold 8 min with pulsed splitless injection at 250°C.
In vivo transient co-expression in Nicotiana benthamiana
FL constructs cloned into the pLIFE33 vector were transformed into A. tumefaciens strain GV3101, and cells were grown at 28°C in LB media supplemented with 50 mg L À1 of each kanamycin, rifampicin and gentamicin. Cell were adjusted to a final OD 600 of 0.5 in 10 mM MES buffer with 10 mM MgCl 2 , and cultures combined in equal volumes including the silencing suppressor strain p19 (Voinnet et al., 2003) . Following 1 h incubation at 22°C and gentle shaking, the abaxial side of the leaves of 6-week-old N. benthamiana plants were infiltrated. Five days post infection, metabolite extraction from transfected plants was performed using 1.5 mL hexane from a single transformed leaf and analyzed via GC-MS as described above.
Microbial co-expression of diterpene synthases
Microbial co-expression assays of diTPSs were performed by cotransforming E. coli BL21DE3-C41 with the diTPS of interest (in either pET28b(+) or pET15b(+) expression vectors) and the plasmids pGG and pIRS as previously described (Morrone et al., 2010) . Cultures were grown at 37°C in 50 ml Terrific Broth medium to an OD 600 of~0.6 before cooling to 16°C and induction with 1 mM IPTG for 72 h with addition of 25 mM sodium pyruvate at 0, 24 and 48 h. Products were extracted with 50 ml hexane, and extracts air dried before GC-MS analysis. For expression in yeast (strain BY4742), the 'GGPP helper' plasmid described above was co-expressed with SdCPS2 in the pESC-Leu plasmid. Yeast was co-transformed with both plasmids, and the transformants were pre-cultured in glucose for 16 h prior to induction with galactose in 30 ml medium for 48 h at 30°C. The enzyme product was then extracted with 15 ml hexane and analyzed using GC-MS as outlined above. The production titer was calculated using purified kolavenol that was precisely weighed at the lg level using a Mettler-Toledo MX5 ultra-microbalance.
Nuclear magnetic resonance (NMR) analysis
For NMR analysis, the SdCPS2 product was produced in excess of 1 mg by co-expression of the constructs pDEST17:SdCPS2, pGG and pIRS in E. coli BL21-C41 cells as previously described (Morrone et al., 2010) . Cultures were grown at 37°C in 500 ml Terrific Broth medium to an OD 600 of~0.6 before induction with 1 mM isopropyl-b-D-1-thiogalacto-pyranoside (IPTG) and incubation at 16°C for 72 h with addition of 25 mM sodium pyruvate every 24 h. The reaction product was extracted in hexane and purified through iterative separation on silica matrix with an ethyl acetate/hexane gradient as the mobile phase. NMR 1D ( 
Homology modeling and site-directed mutagenesis
A homology model of SdCPS2 was generated using SWISS-MODEL based on the crystal structure of Arabidopsis ent-CPP synthase (PDB code 4LIX) (K€ oksal et al., 2014) with stereochemical validation using Ramachandran plots. Ligand docking of GGPP in the active site was performed using Molegro Virtual Docker (Thomsen and Christensen, 2006) . Protein variants were generated by amplification of the pDEST17:SdCPS2 construct with site-specific sense and anti-sense oligonucleotides (Table S3) , followed by treatment with DpnI for removal of the template plasmid, and sequence verification.
Phylogenetic analysis
Protein sequence alignments were generated using the DIALIGN server (Morgenstern, 2014) and manually curated with Gblocks (Talavera and Castresana, 2007) . A maximum-likelihood phylogenetic tree was established using the PhyML server (Guindon et al., 2010) with four rate substitution categories, LG substitution model, BIONJ starting tree and 500 bootstrap repetitions.
Abbreviations and accession numbers of included protein sequences are listed in Table S2 .
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